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ABSTRACT 

A  special  procedure  £or  using  the  Jones  method  for  determining 
the  profile  drag  in  highly  disturbed  wake  behind  a  circulation 
control  airfoil  is  proposed.  The  procedure  suggests  that  the  value 
of  the  freestream  dynamic  pressure  be  adjusted  so  that  the  baseline 
of  the  integrand  in  the  Jones  method  coincides  with  the  zero 
reference  line.  Excellent  agreement  was  observed  between  the  results 
of  the  new  procedure  and  those  of  the  simultaneous  solution  values 
of  the  Jones  and  the  Squire-Young  methods. 

INTRODUCTION 

l’lie  drag  ol  a  two-dimensional  airfoil  in  a  wind  tunnel  usually  can  be  determined 
in  1 hree  ways;  namely,  (a)  integration  of  the  surface  pressure  force  in  the  free¬ 
st  ream  direction  along  with  the  skin  friction,  (b)  integration  of  the  momentum 

deficiency  in  the  wake  sufficiently  far  downsLream  of  the  airfoil,  and  (c)  direcL 

1  2  3 

force  measurement.  Approach  (a)  has  been  found  to  yield  serious  inaccuracies  *  ’ 
which  far  exceed  theoretical  expectations.  Approach  (c),  on  the  other  hand,  is 
i e 1  itively  inconvenient  to  implement.  The  momentum  deficiency  method,  Approach  (bf 
therefore,  often  has  been  employed  by  experimental  aerodynamic ists  because  of  its 
simplicity  and  reliability.  •. 

The  approach  involves  the  measurements  of  traversing  pifctess— end  static  tubes 
across  the  wake  of  the  airfoil.  The  experimental  data  can  then  be  deduced  either 
by  tlic  method  of  Betz  or  that  of  Jones  These  methods  offer  reasonable  accuracy 
in  convent  tonal  airfoils  at  small  to  moderate  angles  of  attack.  For  airfoils  at 
bi>.ii  angles  of  attack  or  bluff  bodies  when  tin-  fluctuations  of  the  downstream  Mow 
an  '  insist  bv  i  hi'  shedding  of  vortices,  either  method  lends  to  erroneous  result  s, 
ip  lot  i  rit  leal  comment  s  on  these  methods  .no  given  hv  ’lav  I  or. 

In  testing  tin.'  circulation  control  airloil  in  a  wind  tunnel,  the  deterimn.it  ion 
ot  drag  presents  a  ['rob  Lem  that  has  not  been  considered  previously.  As  opposed  t  > 
the  conventional  airfoil,  a  typical  circulation  control  airfoil  is  equipped  with  a 
blowing  slot  on  the  upper  surface  for  energizing  the  flow  in  the  viscous  layer  and 
a  rounded  trailing  edge  for  deflecting  the  jet.  The  presence  of  the  blowing  jet  and 
its  influence  on  the  downstream  wake  pattern  require  careful  treatment  in  applying 
the  usual  traverse  method. 

♦During  1977  to  1980,  the  circulation  control  airfoils  have  been  applied  to  an  A-b 
testbed  aircraft,  an  H-2  helicopter,  and  a  stopped  rotor  (X-Wing)  aircraft  at 
DTNSRDC . 
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In  the  present  paper,  special  consideration  has  been  given  in  using  the  Jones 
method  for  the  determination  of  drag  of  a  circulation  control  airfoil  tested  in  a 
transonic  wind  tunnel.  To  assure  the  drag  values  obtained  by  the  new  procedure,  a 
modified  Squire-Young  formula  has  been  employed  and  operated  with  the  same  wake  dat 
for  the  Jones  method. 


WAKE  SURVEY  DATA 

A  circulation  control  airfoil  model,  which  is  a  16-percent  thick,  cambered 
ellipse  with  a  tangential  blowing  slot  near  the  blunt  trailing  edge,  was  tested  in 
the  7-  by  10— ft  transonic  wind  tunnel  at  the  David  Taylor  Naval  Ship  Research  and 
Development  Center.  The  model,  designated  103,  has  a  rectangular  planform  with 
an  18-in.  (45.7-cm)  chord  and  a  10-ft  (3.05-m)  span.  The  test  arrangement  is 
depicted  in  Figure  1.  To  measure  the  drag  of  the  model,  a  wake  survey  mechanism 
consisting  of  five  pitot-static  tubes  is  mounted  about  one-chord  length  downstream 
of  i  tie  airfoil.  The  wake  flow  was  then  measured  by  moving  the  mechanism  vertically 
as  schematically  shown  in  Figure  2.  The  measurements  include  the  total  pressure 
survey  and  the  static  pressure  survey.  Although  the  tunnel  has  a  height  of  84 
In.  (24.2-cm),  the  survey  mechanism  travels  only  inside  a  range  of  -15  to  18  in. 
(-38.1  to  45.7  cm).  Outside  this  range,  the  variation  of  the  flow  was  considered 
minimal,  and  its  contribution  to  the  drag  value  would  be  negigible.  A  typical 
wake  survey  (Run  216)  is  listed  in  Table  1.  The  variation  of  the  measured  total 
pressures  and  static  pressures  across  the  wake  is  shown  in  Figure  3. 


DETERMINATION  OF  DRAG 


JONES  METHOD 


The  drag  coefficient  given  by  the  Jones  method  is 


:  .if 

D,  cl 
J  J  wa 


/g2-P2 


where  g  is  the  total  pressure  and  p  and  q  have  their  usual  meaning.  Suffix  - 
represents  flow  properties  of  an  undisturbed  stream  far  downstream  and  suffix  2 
denotes  those  at  the  measuring  station. 

The  basic  advantage  of  using  the  Jones  method  is  that  it  allows  the  wake 
measurement  to  be  performed  at  a  short  distance  behind  the  body.  As  the  form 
appears,  the  C_  value  not  only  depends  on  the  direct  measurements  of  g-  and  p,,  but 


is  very  sensitive  to  the  freestream  quantities  p  and  q  .  A  small  inaccuracy 
in  the  freestream  dynamic  pressure  measurement  may  result  in  a  large  discrepancy 
in  drag  values.  As  indicated  in  Figure  4,  for  a  given  set  of  g~  and  p„,  and  a  fixed 
P,  .  ■>  ‘1-percent  variation  in  q^  (that  is,  q^  =  127  lb/ft~  *1  percent)  yields  *  30 
u'r.ent  variation  in  C  .  A  2.5-percent  error  in  q^  may  double  the  drag  coefficient. 

liie  heavy  dependency  on  the  q  quantity  makes  the  precise  determination  ol  the 
q  a  1 ue  a  necessity.  Generally  the  downstream  flow  pattern  may  alter  the  upstream 
condition  due  to  the  propagation  of  the  downstream  disturbance  through  a  suberitical 
stream  in  a  transonic  or  subsonic  test.  The  feedback  may  become  noticeable  (that  is 
a  1-  to  2-percent  variation  in  is  possible)  in  the  case  of  a  circulation  control 
airtoil  where  the  downstream  flow  is  substantially  affected  by  the  blowing,  jet. 

1  he  situation  for  such  a  critical  requirement  is  significantly  eased  by 
.’!  apii  ica  1  ly  analyzing  the  integrand,  F,  of  the  .(ones  method: 


12) 


\  series  of  plots  of  F  quantity  across  the  wake  survey  station  are  shown  in  Figuru 

’>  u-ing  q  as  the  variable  (Run  216,  M  =0.3,  i  =  -0.01  and  Cp  =  0.022,  with  p 
) 

2iH).’.l)5  lb/ft").  Keeping  everything  fixed,  a  subsequent  increase  In  q  value  moves 
the  wiggling  baseline  of  the  T  pyramid  upward,  us  indicated  in  Figure  5.  Snmewhn. 
tear  q  =  126  lb/ft  ,  the  F  baseline  coincides  with  the  reference  (zero)  line. 

I!. ere  the  fluctuation  of  F  contributes  nothing  to  the  C  value.  It  is  therefore 
postulated  that  q  takes  on  the  value  that  satisfies  the  condition 

v 

'  a 

F  dy  + 

lower 

l:.e  .leu  rm  inut  ion  of  and  v^  is  arbitrary,  however.  It  may  be  guided  by 
experience  and  observation  so  that  the  resulting  will  be  fairly  independent  <>! 

:  he  arbitrariness.  It  is  of  interest  to  note  that  the  distribution  of  F  outside 
:ie  main  w.ike  region  is  fairly  equal  for  both  the  upper  and  lower  sides,  unlike 


/ 


uppt  r 


V  dy  -  0 


I •  1  St  * 


!  p ,,  and  V:  see  Figures  3  and  b. 


MODIFIED  SQUIRE-YOUNG  METHOD 


This  method  has  been  popularly  used  for  calculating  the  profile  drag  from 

theoretical  boundary  layer  considerations  •  Two  versions  were  formulated,  one 

with  pressure  gradient  and  the  other  without  it.  The  method  was  modified  by  Young^ 

to  account  for  the  compressibility.  Although  the  method  was  developed  primarily 

for  theoretical  calculations,  it  can  also  be  used  to  determine  the  profile  drag 
9 

from  wake  surveys.  Application  of  the  method  to  given  wake  flows  can  be  found 

,  u  1,10 

elsewhere.  * 

The  modified  Squire-Young  method  allowing  for  variation  of  the  static  pressure 


across  the  wake  can  be  written  in  the  form 


o  fe  I'M 

c  0*.  \VJ 


H  +  H  +1 


where 


f  ft  c  -  ~)  -  f  — 

It  e  e  y  e  '  /  .  p  u 

J  wake  -/wake  e  e 


/  c 

-'wake 


H  -  1  +  (Y  -.  1)  M 


In  the  case  of  a  wake  flow,  the  quantities  and  u  should  be  determined  at  the 

e  e 

edge  of  the  wake. 

Ising  the  same  wake  survey  data  of  Run  216  (Table  1),  the  velocity  profile  is 
depicted  in  Figure  6.  Taking  the  edge  properties  by  the  mean  value  of  the  first  30 
points  of  the  upper  side,  the  results  of  versus  q^  were  plotted  in  Figure  7. 

I  he  figure  indicates  that  the  drag  coefficients  calculated  by  the  modified  Squire- 
Voimg  method  are  lairly  Insensitive  to  the  variation  of  the  freestream  velocity. 

As  opposed  to  the  tones  method,  the  drag  coefficient  decreases  as  q^  increases. 

I  he  range  of  the  drag  coefficients  calculated  by  the  modified  Squire-Young  method 
< s  about  the  same  as  that  found  by  the  Jones  method. 
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S  I MULTAN  EOL’S  SOLUTION 


[Ik-  opposite  trend  of  the  drag  coefficients  calculated  by  the  two  preceding 

approaches  offers  an  excellent  opportunity  to  determine  the  value  of  uniquely 

|,v  intersecting  the  two  C  curves  based  on  the  same  set  of  raw  data;  see  Figure  H . 

A  q  =  126.07  from  both  methods  can  be  found  that  yields  the  same  C()  value  (C  55 

0.04  24 ) .  For  q  =  126.07,  the  Integrand  F  of  the  dones  method  is  shown  in  Figure  3, 

•Jure  the  simultaneous  solution  Is  surprisinglv  close  to  the  newly  proposed  technique 

• or  alequatelv  using  the  dones  method.  The  tigure  also  shod  some  light  regarding 

the  ion  of  v  and  v  values  for  Equation  ()).  It  was  found  that: 

a  b 


v  =  -0 . 3 
'  .1 

v.  =0.5 
•  n 

.  iii-  \  i  ;uat  ion  t  1) .  Tne  nature  of  empiricisms  for  selecting  y  and  y  has  not 

a  d 

;  .  .  i.  ;:ou'd,  however.  Further,  close  to  the  disturbed  center,  y  =  -0.041  and 

a 

will  also  satisfy  Equation  (3).  By  the  same  token,  one  finds  that 

:.u.,  pairs  cl  v  and  y  values  exist  when  they  move  away  from  the  disturbed 
ah 

,  u  ii.i  toward  v  anil  y,  ).  As  a  rule  of  thumb,  the  pair  (-0.3,  0.3.1 

'upper  lower 

l  ••  be  the  best  choice.  Inasmuch  as  the  wiggling  F  baseline  is  close  enough 

i  :  •  >  i  i  :  «•  r  tnci  '  mi  ,  t  he  0  result  should  be  virtually  independent  of  th< 

DISCUSSION  OF  RESULTS 

•  .  i '  -  t  .It  ac  .  oe  t  f  i  o  ieiu  s  tor  tiio  circulation  coat  r.  1  airfoil  (Mode!  1 '  I  •.  i 

in  ;  .  -0.  0  for  a  series  ot  blowing  coef  I  id  cut  (  values  (Runs  212 

.  .  !  1  aii  -'i".r.a.t  i.icd  in  Table  2.  Also,  an  additional  case  of  M  -  0.  > ,  >  - 

V 

.  ci!  -  o  i  Run  14)  was  considered.  For  each  case ,  the  methods  of  dote  s  mo 

•  :.l  <  ■ :  l.  q  u  i  r  i  ■  -  i  oua  )*,  were  applied  lor  three  consecutive  q  values,  with  aii  other 

'  i  it  ii  ■  I  iced.  K<  suits  of  the  simultaneous  so  I  ut  ion  bused  on  the  two  approu  iio 

•  t  •  'lan  •  bt  a  i  in  !  . 

i  i  1  !  seven  case.  -  mis i de red ,  t  he  si  mu  I t  an eons  so  I ut  inn  consistent  1 y  de ' i  ■  t  - 
’  i>  |.  v  line  that  brings  l  lie  baseline  <o  th.  inti-gi  nut  1  to  coinc  ide  with 
to  i  i  •  1 1  ■  t  .  n ,  ■  i  1 1 1 .  ■ .  Figure  ‘th  shows  the  c  r  i  pli  i  i  a  1  d  i  lax,  of  sui  h  a  ••oitu  i  !•  • 

o  t  ■  'i  .  vs,  1  p<  .  i  a  I  p  i  on  ml  lire  t  <  >  i  tin  ' .  a  i .  ■ .  ■  u  <  b.  -  d  . .  .  -  :u  l  o  he  lull'.  .  q  > .  ■ 

I  'Li  ’  •  si  i  f  f  ed  s,. ,,  |  | -  Young  analysis. 


Figure  10  shows  a  second-order  least  square  fit  for  the  simultaneous  solution 
results.  Also  plotted  in  Figure  10  are  the  results  obtained  by  a  preliminary  data 
reduct  ion  program  and  by  an  earlier  version  of  the  new  procedure  for  the  Jones 
method.  The  former  are  labeled  "Preliminary,"  and  the  latter,  designated  as 
"Earlier  Version,"  have  been  reported  in  Reference  2.  The  "Earlier  Version"  data 
were  formed  independently  by  inspecting  only  the  F  baseline  behavior  and  were  never 
checked  by  any  other  data  reduction  schemes,  including  the  Squire-Young  method.  It 
appears  that  the  agreement  between  the  "Earlier  Version"  data  and  the  simultaneous 
solution  values  is  reasonably  well  within  the  allowable  expor  imental  f luctuat ions. 

1  he  "Preliminary"  data,  on  the  other  hand,  are  generally  20  to  10  percent  lower  than 
the  '.allies  obtained  by  the  new  procedure. 

To  see  how  the  integration  of  the  surface  pressure  (the  so-called  pressure 
drag)  compares  with  the  profile  drag.  Figure  11  is  presented.  Again,  Run  216  is 
used  for  illustration.  The  integrated  pressure  drag  coefficient  was  found  to  be 

fp  -  0.1185,  based  on  the  measured  surface  pressures  listed  in  Table  3.  If  the 

P 

equation,  that  the  total  drag  is  the  sum  of  the  pressure  drag  and  skin  friction, 

2 

less  the  blowing  momentum  coefficient  holds,  a  sizable  negative  frictional  drag 
could  result ,  which  is  physically  impossible.  Therefore,  the  idea  of  using  the 
pressure  drag  shoud  he  discarded. 

CONCLUDING  REMARKS 

The  present  work  has  allowed  the  following  conclusions: 

1.  I  he  Tones  method  is  very  sensitive  to  the  fluctuation  of  the  freestream 
Tynan ic  pressure.  To  remedy  the  problem,  a  procedure  that  forces  the  mean  of  the 
integrand  to  vanish  outside  the  disturbed  region  is  proposed  which  seems  to  yield 
:  he  .olivet  drag,  values. 

.  The  simultaneous  solution  of  the  Tones  and  the  modified  Squire-Young  methods 
seems  to  offer  a  reliable  profile  drag  coefficient  f rom  the  wake  survey  data. 

C  The  Integration  of  airfoil  surface  pressure  in  the  t reest ream  direct  ion  muv 
lead  to  erroneous  drag  values. 
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Fi^.  5  -  Effect  of  Freestream  Dynamic  Pressure  on  t he 
Integrand  of  the  Jones  Method 


i re-Young  Method 


iu t  aiu’nus  Sol utii'n  ot  t  no  Jones  Met  nod  ami  the 
Modified  Sijii  i  r*  -Young  Method 


Ora*  Coefficients  Determined  by  Three  Different  Methods 


RUN,  Ml.  ALPHA,  CL,  CDCPRES; 

216  5?  -0.0100  1.3592  0.1185 
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